Abstract A conceptual design was developed for a cosmo-biology experiment. It is intended to expose simulated interstellar ice materials deposited on dust grains to the space environment. The experimental system consists of a cryogenic system to keep solidified gas sample, and an optical device to select and amplify the ultraviolet part of the solar light for irradiation. By this approach, the long lasting chemical evolution of icy species could be examined in a much shorter time of exposure by amplification of light intensity. The removal of light at longer wavelength, which is ineffective to induce photochemical reactions, reduces the heat load to the cryogenic system that holds solidified reactants including CO as a constituent species of interstellar materials. Other major hardware components were also defined in order to achieve the scientific objectives of this experiment. Those are a cold trap maintained at liquid nitrogen temperature to prevent the contamination of the sample during the exposure, a mechanism to exchange multiple samples, and a system to perform bake-out of the sample exposure chamber. This experiment system is proposed as a candidate payload implemented on the exposed facility of Japanese Experiment Module on International Space Station.
Introduction
Organic compounds delivered by comets to our planet are of interest, since they might have been a source of organic materials for the terrestrial biosphere, and possibly related to the emergence of life on our planet. Those compounds have an interstellar origin. Extensive studies (Briggs, et al. 1992 , Kobayashi, et al. 1998 have been conducted on the ground to simulate the formation of bioorganic compounds under the interstellar medium conditions. Biogenic species, such as amino acids, were detected in the irradiated products of ice mixtures of CO, CH 4 , CH 3 OH, NH 3 and H 2 O. As a logical extension of the study, those findings should be confirmed in real space conditions, where several environmental factors such as microgravity, high-energy heavy particles, vacuum and cryogenic conditions could be applied simultaneously on the specimen in order to survey whether synergistic effects could modify the process or not. The rate of formation of organic substances and its dependence on the type of radiation have been examined in a great extent to formulate the scientific requirements proposed for International Space Station, ISS, that will be operated in near earth's orbit. The intensity of solar radiation obtained in a low earth's orbit makes the exposure experiment feasible. Ground simulation setups provide adequate ultraviolet for simulating the exposures in molecular clouds, but not in the diffuse medium. However, the simultaneous effects of particle bombardment as occurs in solar system objects are not matched. The exposed facility of Japanese Experiment Module on International Space Station gives unique opportunities for cosmo-biology and provides a platform to conduct long term exposure experiment in orbit. In this paper, a conceptual design of the Cosmo-biology Biological Sciences in Space, Vol. 12 No. 2 (1998): 106-111 Experiments in Earth's Orbit (CEEO) experiment is described together with the problems which require further definition studies.
Experimental Objectives and Scientific Requirements
The objectives of the CEEO are to expose ice and organics layers deposited on simulated interstellar dust (ISD) to the space environment. The composition of chemical species is chosen to be similar to that found in interstellar dust. In order to simulate the process of chemical evolution that takes place in the interstellar medium on an astronomical time scale, two strategies are considered. They allow us to obtain an experiment design compatible with the time constraints imposed by the use of ISS. The first approach is to improve the analytical limit of the chemical species that are expected to be formed. The second direction is to shorten the exposure time and increase the irradiation intensity to obtain equivalent effects. Since multi-photon processes at high photon intensity give different reaction paths for photochemical processes, the maximum level of exposure intensity should be properly limited to an appropriate value (Greenberg & Li, 1998a, b) . A careful selection of the exposure conditions is necessary to not initiate unrealistic processes that might not take place under the diffuse light condition in the interstellar space.
Type and intensity of exposure to space radiation are chosen by the scientific objectives that compose the CEEO mission. These requirements are defined on the basis of the scientific studies carried by the CEEO scientific team. Irradiation by cosmic rays, heavy and high-energy particles is one of the targets of the experiment, being still technically hard to generate them and to irradiate samples at enough rates on the ground. Processing by ultraviolet light is another subject of the space experiment. Actually, light at short wavelengths is capable to excite molecules for initiation of chemical reactions, and available at a countable quantity even in the interstellar medium (Greenberg, 1993 , Greenberg & Li, 1998a .
Contamination of the exposed samples is a crucial issue for the present experiment. A great advantage for the space experiment could be attributed to this contamination issue. On the ground, vacuum systems are easily contaminated by organics. Inclusion of such chemicals and derivatives in the samples is inevitable in ground laboratories. On the other hand, manned space systems could be a source of organic contamination, too. It should be noted that the design and operation procedure of our experiment is such that no requirement or control related to off-gas or dump is placed on International Space Station.
Requirements on the substrate to be used to condense ice samples have not yet developed in detail. In principle, it could be a flat metallic surface to support mechanically solidified samples in place for exposure. In case chemical effects produced by a sharp edge of dust core should be considered in the reaction path or the yield of products, characterization and chemical modification of the surface come into the design requirements. Free floating dust particles with ice mantle may represent a challenging target for the experiment.
Exposure of simulated interstellar ices on dust to space environment in near earth's orbit is the scientific goal of CEEO. The main aim is to evaluate the efficiency of abiotic synthesis of organic compounds deposited on grains in a quantitative manner. Since the near earth's orbit, even literally being outer space, differs from interstellar medium in many aspects, the experiment system design should be examined based on the scientific requirements. Rationales for use of near earth's orbit for this experiment could be stated as follows: 1. The full range of the solar light spectrum and the primary components of cosmic rays are available in space at high density. On the contrary, the flux and energy range of light-radiation are limited in laboratory exposure experiments on the ground. Constraints on the duration of exposure are imposed by the probability of contamination risks. 2. The high vacuum environment is a resource for experiments in space. As a matter of fact, the vacuum level in the vicinity of ISS is poor at 10 -5 to 10 -6 torr, and it is not suitable for an experiment such as CEEO. Gas components at this altitude come from earth-originated materials. Oxygen atoms, even in electronically excited states, are one of the major chemically important species. Furthermore, organic substances and other chemicals, which are released from the manned space system, contaminate the ambient environment. Improvement of vacuum to ultra high level is, however, technically feasible at paying a cost for it. 3. In case microgravity could be employed to suspend particles in a free space, it gives a great advantage of space over the ground experiments. Scientific rationale of having free floating ice grain has not yet been developed fully. However, if fine particles similar to ISD coated by thin layers of ice could be dispersed, the experiment would be expected to answer whether such fine particle induce quite different chemistry, compared to that proceed in bulk ice, or not. This approach might surely provide a strict simulation of the processes on real interstellar grains. Irradiation of floating particles with solar ultraviolet radiation and cosmic rays is quite difficult in the presence of gravity. Studies on the gas-grain simulator (McKay, et al., 1986 , Fogleman, et al., 1989 imply theoretical considerations on the size range of particles that require microgravity to reveal new physics and chemistry.
The cosmo-biology experiment, CEEO, should be designed to fully exploit the advantages of the near earth's orbit, and to meet the constraints at the same time. The experimental protocol of CEEO is as it follows: 1) the simulated ISD is formed; 2) the simulated ISD is irradiated with solar ultraviolet light (and cosmic rays); 3) the products in the ISD are analyzed. There are many options for the system and its operation. Experiment procedures should be defined with the trade-off study made on those options.
From the science point of view, the requirements specified to conduct the experiment were developed further in details as follows: a) The ISD sample is precipitated on the cryogenic substrate in orbit at the start of each exposure experiment. The composition of the solidified ice and microscopic configuration, such as layered structures or evenly composed solid, should be well under control as planned. Chemical reactions in condensed phase at cryogenic conditions might be sensitive to the microstructure as well as to the bulk composition of the ice.
After the start of exposure, the temperature of the sample should be kept at cryogenic level. The duration of the experiment is three years for one run of the exposure. Once the exposure sequence starts, the temperature of the sample should be continuously maintained below the set point and logged.
b) The ISD sample has to be irradiated with solar light. Chemical reactions in the simulated ISD ice are initiated by absorbed light. Light, at wavelengths shorter than the ultraviolet range is effective to excite the electronic states of molecules. In space conditions, the intensity of the light emitted by stars decreases dramatically as the wavelength shorten. The action spectrum for the chemical reactions and the light intensity distribution in the interstellar space drive the choice of the portion of solar radiation spectrum to be guided to the exposed sample. The range of wavelength selected for the CEEO experiment is 100-200 nm. The intensity of solar radiation is amplified one hundred times so as to reduce the required exposure duration.
The light input to the system is dissipated as thermal energy anyway, even if it does not activate chemical reactions at all. In order to reduce the thermal load to the cryogenic system, it is preferable to restrict the light spectrum to a shorter range, effective to initiate chemical reactions.
Time history of the exposure should be logged to make data scientifically qualified. c) Since the ISD sample is exposed to space environment under cryogenic temperature for a long time, contamination of the sample is a key issue in the experiment design both for the hardware and the operation.
Contamination by inclusion of organic compounds in the sample, other than the products of chemical reactions, is possible. High risk of contamination exists in out-gas or dumping from ISS. The lack of requirement for ISS relevant to such contamination should be firmly memorized in the design work for this kind of missions.
Unintentional incidence of high energetic reactants should be also prevented. Excited oxygen atoms at the altitude of ISS are of primary concern. Since the spacecraft flies at a speed of several km/sec in orbit, kinetic energy of incident molecules is well above the threshold of electronic excitation of exposed molecules. Heavy molecules, such as clusters of water, might release huge energy when they collide with the surfaces, as kinetic energy increases in proportion to molecular mass. d) Products should be examined after exposure with a high signal to noise ratio. To achieve this, the sample holding chamber has to remain uncontaminated all through the experiment. Before the start of exposure and precipitation of original gases on the cryostat substrate, the whole sample holding chamber should be verified to be clean in terms of analytical limit employed for the experiment. It should be proved by an evidence and qualified that detected organic substances are solely produced by exposure of the original Figure Experiment System for Cosmo-biology Experiment on Earth Orbit sample to space environment.
The number of samples examined during the exposure experiment is defined from the knowledge and estimation on the variation in either interstellar grain ice or its environment experienced there.
In-situ characterization of the exposed sample, even at a low extent, might enforce the obtained results.
Conceptual Design of the Experiment System
With reference to the requirements itemized in the previous section, the experiment system design is described in this section.
a) Cryogenics a-1) Type of cryogenic system
The temperature to keep the exposed sample was chosen at 10 K, at the present time of the study. Among the gas species that form ice mantles on ISD, CO has the highest vapor pressure, 10 -11 Pa at 20.4 K. However, a loss of sample material was experienced in ground based experiments when the sample holder was at a temperature higher than 10 K. Conduction of heat in the precipitated layer might be one of factors to decide the requirements for the substrate temperature. Since the set point of temperature gives quite heavy impacts on cryogenics and other design specifications of the system, the evaluation study should be revisited both with laboratory work and with analysis on thermal aspects of the processes.
Because of cryogenic temperature and duration of operation required for the CEEO mission, a cryostat filled with cryogenic liquids poses heavy operational burden in terms of periodical transportation to ISS. Development of handling technology for cryogenic liquids under microgravity is another engineering task.
Cryogenic systems with an operational principle based on thermo-dynamical heat cycles and a combination of several processes were chosen for the CEEO experiment system. Energy consumption and up-mass penalty of such cryogenic system are paid off at the long operation in orbit. There have been development studies related to cryogenic system for space sciences, such as infrared astronomy in space. It is feasible to attain temperatures lower than 10 K using the heat cycle and thermodynamical processes. Cryogenic systems employ a multiple staged GiffordMcMahon cycle, a two staged Stirling cycle, and a JouleThomson cycle for an additional stage (Kyoya and Furuya, 1997) . Even though those systems can attain the requirement on temperature, heat load accessible at this temperature range is quite small under the constraints imposed to the payloads on ISS. The constraints for the system are expressed as experimental resources, such as physical size, mass, electric power consumption, and heat rejection allocated to the science payloads on ISS. Technical items have also been documented for the use of cryogenic systems in space.
Almost all the energy carried by light into the system or onto the sample end up in thermal energy. The capability of the cryogenic system for heat load determines the scale of the exposure experiment at the first cut of the design. It might be worth to implement a heat reservoir subsystem that provides heat capacity and flattens the heat load through day and night phases of the orbit.
a-2) Sample preparation
Solidification of the original sample on the substrate should be well under control. The start of precipitation of sample with premixed gas filled in the container results a poor control. Physics of condensation is primarily governed by collision frequency of molecules to the surface and accommodation coefficient on it. In order to produce an ice layer of multiple components, several gas reservoirs with molecular flow inlet lines and a control mechanism should be employed. Even with such a configuration, solid structure at molecular level might be hard to control.
The required sample amount depends on the capability of chemical analysis system to measure on small deposited quantities and on the expected formation rate for target substances at the flux of radiation available for exposure. Precipitation thickness should be decided by chemistry of interstellar process of interest and it is preferably to be set to the estimated thickness of ice mantle of real ISD.
As a preliminary selection of physical dimension of the sample exposure unit, the area for exposure opening was set to 50 x 50 mm for an unit in this study.
b) Optics b-1)
The core concept of the CEEO system is to expose interstellar dust with ice mantles to space radiation, which is effective to produce chemical evolution in the universe. The removal of the ineffective part of radiation makes the experiment feasible. According to the scientific requirement, solar light at wavelengths shorter than 200 nm is the effective component. The energy flux onto the exposure unit (0.0025 m 2 and 100 times concentrated solar light) is 0.5 W. The energy flux carried by light longer than 200 nm is more than 300 W per an exposure unit of 50 x 50 mm. Considering the capability of the cryogenic system, it is essential to remove or reduce the ineffective part of solar light before introducing it to the sample exposure part.
Amplification of light intensity is based on exposure time constraints related to rate of formation and risk of contamination for the products.
A concave grating mirror is applied to reject the long wavelength part and amplify the intensity hundred times in the ultraviolet portion of the incident light. This optical system is designed for monochromators with the least number of optical components. The grating pattern etched on the mirror disperses the incident light by wavelength. At the same time, the mirror structure converges the light. A slit is placed close to the focal point in order to choose a part of spectrum for transmission. Rejection of longer wavelength light from the system without heating any part of the experiment system or ISS is an important feature in this optical system.
The area, projected in the direction of the incident solar light, of this mirror is as large as 500 x 500 mm. The real physical size of the mirror is larger than this projection area. To compose such a large grating mirror, one of the technical solutions is to make an array of grating mirrors. Accuracy and precision in the alignment of the component mirror units are issues that should be considered with reference to the in orbit thermal environment.
b-2) Window-less exposure design
One of trade-off studies conducted was a comparison of a window-less system to an ordinary exposure system with a window. When optical window materials are exposed to energetic light, color centers and other optical defects are developed in the material. Transmission of light is heavily affected by these defects. A window-less optical system is proposed for the CEEO exposure experiment. The narrow slit to select short wavelength light is opened at the sample holding chamber. The function of a window, instead of a slit, to reject incident molecules from ambient and protect sample from contamination is realized in part by the cold trap subsystem described in the next section c).
During the operation in orbit, the slit is opened only when the sample is exposed. There should be a shutter valve to close that part.
The escape rate of sample material through this opening at the slit is a concern for an exposure of three years in duration. The number of gas molecules, for a vapor pressure at the substrate temperature and assuming a thermal energy at the highest temperature in the sample holding chamber, hitting the opening cross section during the exposure time determines the escape rate. c) A cold trap system maintained at the liquid nitrogen temperature is adopted to avoid the contamination of the sample. The geometrical feature of the trap is designed to form a labyrinth to maximize the trap capability. A strawman design developed in this study is shown in Figure. The solar light collected by a mirror mounted on a sun pointing system is guided into a cold baffle structure. The incident light is reflected by mirrors and guided to the concave grating mirror. If the type of the mirrors and optics enable to not reflect light in the longer wavelengths but transmits through straight, it reduces the heat load at the focal point after the concave grating mirror. In that case, window or opening should be located behind the mirror or optics, that make selective reflection of light and release light in longer wavelength from the light guide path.
All the mirrors placed in the path are kept at temperature high enough to prevent precipitation of molecules that ruin the optical properties of the mirror surface. Molecules strayed into the baffle and mirror assembly can not see the slit of the sample holding chamber in direct viewing field. Even though molecules hit the mirror, the direction of reflected molecule distributes in a wider angle and they have less chance to reach to the opening slit.
The number of optical components in the system and the control mechanism should be subjected to a trade-off study. Keeping accurate alignment and making precise control without heavy maintenance work for a long period are of concerns when severe and exotic environment in orbit is taken into consideration. The optical length between the first mirror on the pointing system and the concave grating mirror is also a matter of trade-off with pointing accuracy, and the number of collisions for stray molecules to cold surface required to trap them.
The system integration study of the experiment system at the level of whole ISS is another task, especially for technical items which are not documented or controlled in the interface control documents. Reflected light is one of those items that could induce severe integration problems.
The probable incidence angle of contaminants, especially organic substances, is known for those, either existing source in orbit, released from ISS, or reflection of those. In order to minimize the risk of contamination, alignment of the experiment system has a preferable direction, based on the geometrical features of this trap.
Opening for the light input should not see any part of ISS, or preferably should not be directed to the ram side.
d) The sample holder placed on the cryostat should be replaceable to repeat several exposure experiments in orbit. The sample holding chamber system should be equipped with systems, capable to bake-out contaminants and to evacuate them. A verification system to qualify cleanliness of the space is another required component. In case 'cleanliness' is verified with the hardware and operational design, the burden in this aspect could be removed.
Taking into account the engineering considerations reported above, the conceptual design of the CEEO experiment was developed for its implementation on ISS. There are additional issues for the design specific to ISS and its operation. The core part of the design is shown in Figure. At the first stage, the solar light is introduced into the experimental system through a mirror that is mounted on a sun pointing system. Since the attachment floor of the exposed facility of JEM points towards the earth center all through the revolution in orbit, the first mirror should chase the sun by the pointing system. Incident solar light is reflected by mirrors, passed through the path in the cold trap baffle, and is guided to the grating mirror. The whole part through this path is cooled down to liquid nitrogen temperature so as to trap substances that are strayed into the system. The length of light path in the labyrinth-like cold trap is defined based on the vacuum in the vicinity of an exposed facility of JEM.
The solar light is dispersed by the concave grating mirror, and the ultraviolet portion (100-200 nm) is amplified one hundred times in intensity, and introduced through the slit located close to the focal point of the optics. The other part of the solar light entering the system is guided to the external part without heating any place inside. The sample is always cooled below 10 K with the thermo-dynamical cryogenic system. In-situ analysis of products is performed in the sample holding chamber. If the pressure is at a level of 10 -6 torr in the vicinity of JEM, a vacuum level of 10 -8 torr is expected at the concave grating mirror, and 10 -10 torr in the sample room, by the action of the labyrinth cold trap system. It is an option to place an additional cryogenic system that encloses the sample holding section with an optical opening to attain higher vacuum level there. The sample and the concave grating mirror are kept from contamination during operation. Protocols for preservation of the exposed sample for post flight analysis or onboard characterization should be developed. The exchange mechanism for multiple samples and capability to make verification of cleanliness of the exposure system in orbit are important parts in the system design.
Issues for Further Studies and Conclusion
The present design of the experiment system meets the requirement defined at the beginning. However, during the process of design work, several points have been found to require further definition and technology assessment. These are summarized as follows. i) Sample form and the way of suspension to simulate ISD.
Scientific requirements and rationales for the form of the solidified samples require further definition. ii) Space cryogenics.
The core technology in the CEEO system is cryogenics. It determines major specification of the exposure experiment. Definition of requirements and trade-off for a cryogenic system to attain liquid nitrogen temperature are also issues open for further studies. iii) Non-uniformity of light spectrum irradiated on the sample.
The incident solar light is dispersed to reduce heat load for the cryogenic system. It sacrifices uniform irradiation on the sample. The scientific rationale of giving radiation with multi-spectrum components should be defined. iv) Optics and component.
Optical properties of the mirror, such as the reflection ratio at vacuum ultraviolet light, may have a strong impact. The number of mirrors and their configuration are subjected to those properties. Durability of optical components is another concern that should be well tested with simulated space environment. v) Rejection of the longer wavelength portion of incident solar light.
The optical component that rejects the longer wavelength portion of light is one of the key technologies for this experiment system. It requires to develop this kind of optical device and evaluate feasibility of its use under space environment.
Mechanical envelope, mass, electric power consumption, heat rejection, operational sequence, crew commitment, and other items are required to be defined for implementation on ISS. The conceptual design described in this paper is a baseline for such further design process and extract technological items to be developed.
